On
whereas H5N6 viruses belonging Clade 2.3.4.4 Group C were isolated in East Asia (9, 10) . Detailed analyses of the isolates are still ongoing. Rapid publication of information on outbreaks and virus isolates is essential for achieving better control of HPAIVs caused by H5Nx viruses.
On 15 November 2016, a black swan that had died in a zoo in Akita prefecture, northern Japan, was strongly suspected to have highly pathogenic avian influenza (HPAI); an HPAI virus (HPAIV) belonging to the H5N6 subtype was isolated from specimens taken from the bird. The HA gene of the virus was classified into Group C of clade 2.3.4.4 and it was closely related to those in viruses isolated in China (9) . After the initial report, 178 cases in wild birds, 40 in captive birds, including the initial case, and 12 outbreaks in domestic poultry farms of infections with H5N6 HPAIVs were reported throughout Japan by 24 March 2017, the final incident being documented at a poultry farm in Chiba prefecture ( Fig. S1 ) (11) , after which Japan recovered HPAI free status. In the present study, we further characterized the H5N6 HPAIVs isolated in Japan, especially 66 strains isolated in northern Japan.
MATERIALS AND METHODS

Viruses
An HPAIV, A/chicken/Kuamoto/1-7/2014 (H5N8) was kindly provided by Dr Takehiko Saito, National Institute of Animal Health (NIAH), Japan. A/duck/ Japan/AQ-HE72/2015 (H5N6) was isolated from raw duck meat that had been imported illegally into Japan by international flight passengers from China (Shibata et al., 2017, submitted). A/duck/Vietnam/HU1-1151/ 2014 (H5N6) was isolated from a duck acquired from a live bird market in Vietnam (12) . A/chicken/Hokkaido/002/2016 (H5N6) was identified in our laboratory in a hemagglutination-positive sample of allantoic fluid that was kindly provided by the Hokkaido prefecture, Japan, this sample having originally been obtained from a domestic chicken farm in the Hokkaido Prefecture and later confirmed to be affected with HPAI by NIAH (on 16 December 2016). The viruses were propagated in 10-day-old embryonated chicken eggs at 35°C for 36-48 hr and the infectious allantoic fluids used as virus stocks.
Isolation and identification of viruses from wild birds
Viruses were isolated from tracheal and cloacal swabs that were collected by local officers and shipped to the Laboratory of Microbiology, Faculty of Veterinary Medicine, Hokkaido University. The swabs were then filtered through a 0.45 mm filter (DISMIC-25SS; Advantec, Tokyo, Japan) and mixed with virus transport medium containing minimum essential medium (Nissui Pharmaceutical, Tokyo, Japan), 10,000 U/mL penicillin G (Meiji Seika Pharma, Tokyo, Japan), 10 mg/mL streptomycin (Meiji Seika Pharma), 0.3 mg/mL gentamicin (MSD, Tokyo, Japan), 250 U/mL nystatin (SigmaAldrich, St Louis, MO, USA) and 0.5% BSA fraction V (Roche, Basel, Switzerland) at a ratio of 1:1. Samples were inoculated into the allantoic cavities of nine-to 11-dayold embryonated chicken eggs, after which allantoic fluid showing hemagglutination was collected as viruscontaining solution. The HA and NA subtypes of the influenza virus isolates were identified using HI and NA inhibition tests, respectively, according to standard protocols (13) . For some viruses, the HA subtype was identified with an immunochromatographic kit (New Linjudge Flu A/H5; Tauns Laboratories, Shizuoka, Japan) (14) . In total, 66 strains were isolated in the present study (Table 1) .
Gene sequencing and phylogenetic analysis
Viral RNA was extracted from the allantoic fluids of embryonated chicken eggs using TRIzol LS Reagent (Thermo Fisher Scientific, Waltham, MA, USA), and reverse transcribed with Uni12 primer (15) and SuperScript IV Reverse Transcriptase (Thermo Fisher Scientific). The partial sequence of the HA gene segment was amplified by PCR with the gene-specific primer sets HA-155F: 3 0 -ACACATGCYCARGACATACT-5 0 and HA-1201R: 3 0 -GTGTTCATTTTGTYAATGAT-5 0 . The nucleotide sequences of the amplified fragments were determined using BigDye terminator v3.1 (Thermo Fisher Scientific) and an auto-sequencer (3500 Genetic Analyzer; Thermo Fisher Scientific). The whole genome sequences were determined for the 26 representative examples of the 66 strains using a deep sequencing method. Briefly, MiSeq libraries were prepared using an NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA) and sequenced on a MiSeq system with a MiSeq reagent kit v3 (Illumina, San Diego, CA, USA). Reads were assembled de novo using CLC Genomic Workbench (CLC bio, Aarhus, Denmark). The nucleotide sequences were phylogenetically analyzed based on the maximum-likelihood method according to the Tamura-Nei model and bootstrap analysis (n ¼ 1000) using MEGA 7.0 software (16) with the default parameters. Sequence data for genes were compared with reference sequences obtained from GenBank/EMBL/DDBJ and GISAID. 
Animal experiments
Seven-week-old chickens (Gallus gallus, Julia) were obtained from Hokkai Starchick, Hokkaido, Japan. Four chickens were inoculated intranasally with 100 mL of virus solution containing 10 6.0.
EID 50 with A/black swan/Akita/ 1/2016 (H5N6). At 3 dpi, swabs (oral and cloacal), blood and tissue (brain, trachea, lung, kidney and colon) samples were collected from the dead birds. Four-week-old domestic ducks (Anas platyrhynchos var. domesticus, Cherry Valley) were obtained from Takikawa Shinseien, Hokkaido, Japan. Eight ducks were also inoculated intranasally with 100 mL of virus solution containing 10 6.0 EID 50 of A/black swan/Akita/1/2016 (H5N6). At 3 dpi, four of them were killed and swab, blood and tissue samples collected. The tissue samples were homogenized using a Multi-Beads Shocker (Yasui Kikai, Osaka, Japan) to prepare a 10% suspension in virus transport medium. The infectivity titers for swab blood, and tissue samples were calculated based on the TCID 50 using Madin-Darby canine kidney cells. The other four birds were kept for 14 days and their clinical signs observed. 3.0 or 10 2.0 EID 50 of the virus was inoculated intranasally into four seven-week-old chickens for each dose. The chickens were kept for 14 days and their survival rates documented. All infected animals were kept in selfcontained isolator units (Tokiwa Kagaku, Tokyo, Japan) in the BSL3 biosafety facility of the Faculty of Veterinary Medicine, Hokkaido University, Japan.
Ethics statements
All animal experiments were authorized by the Institutional Animal Care and Use Committee of the Faculty of Veterinary Medicine, Hokkaido University (Approval Number: 13-050). All experiments were performed according to the guidelines of the committee. The BSL3 biosafety facility of the Faculty of Veterinary Medicine, Hokkaido University is permitted to store and use HPAIVs by Ministry of Agriculture, Forestry, and Fisheries in accordance with the Act on Domestic Animal Infectious Diseases Control (Permission Number: 19).
RESULTS
Isolation and identification of H5N6
HPAIVs from wild and captive birds By 24 March 2017, 66 HPAI cases in wild and captive birds from northern Japan had been tested in our laboratory. The host species and geographic locations of these cases are listed in Table 1 . All isolates were identified as belonging to the H5N6 subtype. Multiple basic amino acids (RERRRKR/GLF) were found at the cleavage site of the deduced amino acid sequence for HA in all 66 isolates, suggesting high pathogenicity in chickens.
Phylogenetic analysis of H5N6 isolates
Partial sequences (positions 147 to 1194, the adenine residue of the start codon being counted as position 1 and the sequence of A/black swan/Akita/1/2016 (H5N6) being used as a reference sequence) of the HA genes of all 66 isolates were phylogenetically analyzed with reference sequences, including recent H5N6 isolates from Korea and Taiwan (Fig. 1) . The HA genes of all 66 isolates were found to be phylogenetically closely related to the initial Japanese isolate, A/black swan/Akita/1/2017 (H5N6) (9) . The HA gene of a poultry isolate, A/chicken/Hokkaido/ 002/2016 (H5N6) (GISAID accession number: EPI962342-49), was also found to be closely related to those of the viruses isolated in the present study. Moreover, all the H5N6 viruses isolated in Japan, Korea and Taiwan during the winter season of 2016-2017 formed one cluster with a high bootstrap value (99%) in Group C of Clade 2.3.4.4. The sequences of the HA genes from Japanese, Korean and Taiwanese H5N6 isolates were highly conserved. The NA genes of these isolates also formed a single cluster together with the H5N6 HPAIVs isolated from China in Group C (Fig. S2a) . The other six internal genes (except the PA genes) of the Japanese, Korean and Taiwanese H5N6 viruses were found to be closely related in the corresponding trees (Fig. S2b-f) . However, the PA genes of the Japanese, Korean and Taiwanese H5N6 viruses were divided into three groups according to the phylogenetic tree (Fig. 2) Table 2) . A/ mallard/Hokkaido/24/2009 (H5N1), a non-pathogenic avian influenza virus, was isolated from a fecal sample from migratory ducks; the antigenicity of this strain is similar to those of other H5 viruses isolated from migratory ducks (17) . A/chicken/Kumamoto/1-7/2014 (H5N8) was isolated from a chicken in 2014 at Kumamoto prefecture, Japan; the HA gene of this strain belongs to Group icA in clade 2.3.4.4 (18) . A/duck/ Japan/AQ-HE72/2015 (H5N6) was isolated from raw chicken meat that had been imported illegally into Japan by international flight passengers from China; the HA gene of this strain belongs to Group C in Clade 2. 
Pathogenicity of H5N6 viruses in chickens and ducks
To assess the pathogenicity of H5N6 HPAIVs isolated in Japan in chickens, an index strain A/black swan/ Akita/1/2016 (H5N6) was inoculated intranasally into seven-week-old chickens. All chickens inoculated with the virus died at 3 dpi. High titers of the virus were recovered from swab, blood and tissue samples collected from the dead birds (Table 3 ). The CLD 50 calculated for A/black swan/Akita/1/2016 (H5N6) was 10 4.3 EID 50 . To assess the pathogenicity in ducks of H5N6 HPAIVs isolated in Japan, A/black swan/Akita/ 1/2016 (H5N6) was also inoculated intranasally into 4-week-old ducks. Virus growth by A/black swan/Akita/ 1/2016 (H5N6) was weaker in ducks than chickens. All inoculated ducks survived throughout the 14-day observation period and shed virus, but exhibited no clinical signs.
DISCUSSION
After the outbreak of H5Nx HPAI during the winter season of 2014-2015, great efforts were made to identify the route of virus transmission via migratory birds (2, 4). In Japan, at least three independent virus introductions were suggested based on phylogenetic analyses (18) . However, a comprehensive understanding of the role of migratory birds in the spread of HPAIVs has not yet been achieved. In the present study, phylogenetic analysis of HA gene segments showed that the H5N6 viruses isolated in northern Japan are phylogenetically closely related, with common ancestors (Fig. 1) . However, the PA genes of these viruses clustered into two distinct groups according to the phylogenetic tree ( Fig. 2) , thereby supporting the hypothesis of multiple events of virus introduction. Lee et al. reported that Korean H5N6 viruses can be classified into three genotypes based on the origin of the PA gene segment (10) . In addition, most of the Japanese H5N6 viruses possess PA genes that share high similarity with Chinese H5N6 HPAIVs, indicating that the origin of the PA gene in the Japanese strains is highly biased compared with that in the Korean strains. This bias suggests that the H5N6 HPAIVs have been introduced independently into Japan and Korea from nesting areas Underlined values indicate homologous titers. for wild ducks or swans in their northern territories and that the viruses were not carried via the Korean peninsula to Japan via migrating birds. However, it is possible that only a small proportion of the viruses circulating in Korea was introduced to Japan via the Korean peninsula along with migratory birds. Thus, to clarify the transmission route for the H5N6 HPAIVs to Japan, comprehensive analyses of Japanese isolates, including those from central, western and southern Japan, are required.
Several areas of Japan were strongly affected, 10 or more cases having been documented during the season. In particular, two lakes in the Niigata and Ibaraki prefectures (latitude: 37.8384°N, longitude: 139.2373°E and latitude: 36.3660°N, longitude: 140.4716°E) are well-known as over-wintering areas for swans (Table 1 , Fig. S1 ). The viral isolates from these areas shared high genetic similarity (Fig. 1) . However, accumulated common mutation(s) in the HA genes were not observed in the Japanese isolates, implying that virus transmission among wild birds occurred only in a limited area and population and that the viruses died out almost completely after a certain period. Nevertheless, HPAIVs were isolated in January and February when long-distance flights by birds are not usually observed, the diseased birds were therefore considered to have overwintered in Japan ( Table 1 (Table 2) . Compared with the mature HA amino acid sequence of A/duck/Japan/AQ-HE72/2015 (H5N6), only nine residues differed in that of A/black swan/ Akita/1/2016 (H5N6) (data not shown), including a deletion of leucine at 134 and a mutation from arginine to glutamine at 227, which are commonly found in Japanese and Korean H5N6 HPAIVs according to Okamatsu et al. (9) (20) (21) (22) , this having been explained as a consequence of adaptation to waterfowl. The CLD 50 value calculated for A/black swan/Akita/1/2016 (H5N6) was comparable to those obtained for other HPAIVs (23) . In contrast to the virus growth in chickens, growth of A/black swan/ Akita/1/2016 (H5N6) virus was slightly lower in ducks than that by A/chicken/Kumamoto/1-7/2014 (H5N8), which has been studied by Kanehira et al. (20) and Hiono et al. (21) . The molecular mechanisms that determine the host preferences of HPAIVs have been studied, especially the preferences for chickens and ducks. One previous study's findings indicated that recent H5Nx viruses exhibited alterations in their receptor binding specificity compared with previous HPAIVs (24), these viruses preferring fucosylated a2,3 sialosides in addition to typical non-fucosylated a2,3 sialosides. Fucosylation of a2,3 sialosides is thought to be a molecular determinant of host preferences by avian influenza viruses in ducks and chickens in that chicken viruses prefer fucosylated a2,3 sialosides whereas duck viruses prefer non-fucosylated a2,3 sialosides (25) . All the viruses isolated in the present study possess a glutamine at position 222 of the HA, which is a key amino acid residue for the recognition of fucosylated a2,3 sialosides. Additionally, these viruses possess glutamine at another key position, 227, where viruses of clade 2.3.4.4icA, represented by A/chicken/ Kumamoto/1-7/2014 (H5N8), possess arginine. This amino acid substitution may alter their pathogenicity to ducks and chickens. However, multiple viral factors are considered to be related to the pathogenesis of HPAIVs in ducks (26) . Thus, obtaining a comprehensive understanding of the underlying mechanisms is essential for preventing viruses spreading from chickens to wild migratory ducks.
H5Nx viruses are currently a global concern. The introduction of H5Nx viruses into wild bird populations is one of the main explanations for these viruses having been disseminated so widely: these viruses are now spreading throughout the world via migrating wild waterfowl. Thus, the rapid publication of epidemiological information about outbreaks as well as genetic information regarding the causative agents are essential for facilitating greater control of H5Nx viruses. Moreover, HPAIVs must be urgently eradicated from poultry in endemic countries in order to prevent virus spill-over into wild bird populations.
